INTRODUCTION
Previous studies have shown that while species of Lactobacillus tend to dominate the vaginal communities of most healthy reproductive-aged women [1] [2] [3] [4] [5] , these communities are quite personalized in terms of species composition and temporal dynamics [1] [2] [3] [6] [7] [8] [9] . These lactobacilli are thought to have a protective role by maintaining an acidic environment through the production of lactic acid thereby restricting the growth of pathogenic organisms and evidence to support this has been extensively reviewed in the literature [10] [11] [12] [13] [14] [15] . In a study of Black and white women done by Zhou et al., samples from 144 women were analyzed and eight major types of vaginal communities were found [2] . eighty percent of these women had communities dominated by various Lactobacillus species, with L. iners being the most prevalent and found in 66 percent of the women. The other dominant Lactobacillus species included L. crispatus, L. gasseri, and L. jensenii. These same four lactobacilli were dominant in four of the five major groups of bacterial communities found in a later study that involved a larger cohort of 396 reproductive-age women [3] . These groups, which are referred to as community state types (CSTs †), were determined by clustering vaginal bacterial communities based on bacterial composition and relative abundance. In that study L. crispatus was dominant in CST I, L. gasseri was dominant in CST II, while L. iners and L. jensenii were dominant in CST III and CST v, respectively ( Figure 1 ) [3] . However, not all communities were dominated by lactobacilli [1, 3] as the fifth CST (CST Iv) lacked high proportions of Lactobacillus and instead was characterized by an increased relative abundance of strict anaerobes that included Gardnerella vaginalis, Prevotella, Atopobium, Megasphaera and others [3] .
Both of these studies revealed significant differences in vaginal community composition between women of different ethnic groups. For example, Ravel et al. showed that Lactobacillus species were dominant in 80.2 percent and 89.7 percent of Asian and white women, but this was the case in only 59.6 percent and 61.9 percent of Black and Hispanic women. Similarly, Zhou et al. found Lactobacillus species to be dominant in 91 percent of white women but only 68 percent of Black women. These differences in vaginal community composition between women of different ethnicities were confirmed in subse-
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Four Lactobacillus species, namely L. crispatus, L. iners, L. gasseri, and L. jensenii, commonly dominate the vaginal communities of most reproductive-age women. It is unclear why these particular species, and not others, are so prevalent. Historically, estrogen-induced glycogen production by the vaginal epithelium has been proffered as being key to supporting the proliferation of vaginal lactobacilli. However, the 'fly in the ointment' (that has been largely ignored) is that the species of Lactobacillus commonly found in the human vagina cannot directly metabolize glycogen. It would appear that this riddle has been solved as studies have demonstrated that vaginal lactobacilli can metabolize the products of glycogen depolymerization by α-amylase, and fortunately, amylase activity is found in vaginal secretions. These amylases are presumed to be host-derived, but we suggest that other bacterial populations in vaginal communities could also be sources of amylase in addition to (or instead of) the host. Here we briefly review what is known about human vaginal bacterial communities and discuss how glycogen-derived resources and resource competition might shape the composition and structure of these communities. quent studies done to characterize the vaginal communities of African American women and women of european ancestry [2, 16] . Likewise, a more recent study found four kinds of vaginal communities in a population of South African women [17] . Of these women, only 37 percent had Lactobacillus dominated communities with L. iners being the most common species found.
Given that there are more than 130 species of Lactobacillus known it is unclear why just four of these species dominate most vaginal communities. At the very least this observation suggests that L. crispatus, L. gasseri, L. jensenii, and L. iners are especially well adapted to the vaginal environment and have specific traits that allow them to colonize this habitat. when surveyed for nichespecific traits, comparative genomic analysis of 25 Lactobacillus species showed that vaginal lactobacilli had significantly smaller genomes and lower %G+C content than non-vaginal species [18] . efforts to identify a set of common traits that might account for their shared ability to successfully colonize the human vagina were unsuccessful. However, there were a number of species-specific traits identified, which hints at the possibility that each species has unique characteristics that enable them to effectively compete in the vaginal ecosystem. A more indepth functional analysis of these traits will be necessary to define their relative importance in mediating interactions between lactobacilli and the host.
The stark differences in vaginal communities within and between women, especially those of different ethnicities, suggest that the host may have a prominent role in shaping the species composition of these communities. Some key questions include: 1) why do only certain species of Lactobacillus colonize the vagina; 2) why does the composition of vaginal bacterial communities differ between women; and 3) what drives communities to change in composition over time? In this review we explore what is known about how the host environment and competition for resources may influence the composition and stability of these communities.
VAGINAL COMMUNITY COMPOSITION VARIES OVER TIME
Studies on the longitudinal dynamics of the vaginal microbiome in healthy reproductive-age women have shown that these communities often change over relatively short periods of time [8, 9, [19] [20] [21] . Gajer et al. analyzed samples that were self-collected twice weekly over 16 weeks from 32 women [8] . The community composition in each sample from each time point was classified into CSTs, and the patterns of CSTs over time were clustered, demonstrating five temporal patterns. Of the Lactobacillus dominated CSTs, only CST I-III were found; probably because too few women were included in the study. Some communities changed in composition while others remained relatively stable over time ( Figure 2) . Moreover, not all transitions between CSTs were equally likely to occur. This study showed that community dynamics vary greatly between individuals. Unfortunately, the mechanisms that drive these dynamics in community composition are not well understood.
DRIVERS OF COMMUNITY COMPOSITION AND CHANGE
All of the resources necessary to support vaginal bacterial communities are ultimately derived from the host. It follows that differences in host physiology that alter the kinds and abundances of resources present might influence which bacterial species will successfully colonize the vagina. vaginal secretions and vaginal epithelial cells that are sloughed and subsequently lyse are thought to be the principle sources of nutrients that support bacterial growth. vaginal secretions contain nutrients that include proteins, carbohydrates, amino acids, and cervicovaginal mucus, which is rich in mucins and glycoproteins [22, 23] . The vaginal epithelium is rich in glycogen, which has long been thought to be a key nutrient for vaginal lactobacilli. However, this assertion is primarily based on the positive correlation that exists between the levels of free glycogen and the abundance of vaginal lactobacilli [24] .
The availability of resources in the vagina seems to be driven by estrogen levels. estrogen is known to increase the volume of vaginal secretions. Moreover, elevation of estrogen levels induces thickening of the vaginal epithelium and prompts the accumulation of glycogen. Together these are thought to create an environment that stimulates the proliferation of Lactobacillus [25] . Furthermore, changes in the relative abundance of vaginal lactobacilli is also associated with estrogen levels and glycogen content [26, 27] over a woman's life span. During reproductive years, estrogen levels are known to vary throughout the menstrual cycle. estrogen levels are low during menses (< 50 pg/ml), peak before ovulation (200-250 pg/ml), decline shortly thereafter and peak again around day 21 (150 pg/ml) [8] . Changes in glycogen content have been shown to parallel these changes [28] . variation in estrogen levels and glycogen content over the menstrual cycle might partly explain why there are differences in community composition within women over time.
In an effort to understand the effect of the menstrual cycle on changes in community composition, Gajer et al. modeled the rate of change in a community's state as a function of the menstrual cycle. Based on their findings, community composition appears to be more stable when estrogen levels are highest [8] . This observation is also seen during pregnancy, a condition where estrogen levels are high. estrogen levels increase dramatically during pregnancy due to additional estrogen produced by the placenta [29] . Studies evaluating the vaginal microbiome during pregnancy have shown that the vaginal communities of pregnant women are more stable and have higher relative abundances of lactobacilli than those of non-pregnant women [30, 31] . Moreover, vaginal communities in pregnant women tend to be dominated by L. crispatus or L. iners, while CST Iv (in which Lactobacillus is not dominant) is rarely observed [31, 32] . estrogen levels decrease post-partum and concomitant changes in communities are observed, with lactobacilli becoming less dominant [31] . These studies suggest a strong correlation between estrogen and community composition.
GLYCOGEN PER SE IS NOT A KEY NUTRI-ENT FOR VAGINAL LACTOBACILLI
while it is casually suggested that glycogen directly enriches for Lactobacillus, it should be noted that vaginal lactobacilli cannot directly metabolize glycogen. In 1964, Stewart-Tull isolated 36 strains of Lactobacillus from the vagina and cervix of pregnant women, and showed that none of the strains could metabolize glycogen [33] . Similarly, years later, whylie and Henderson isolated 42 strains of Lactobacillus from the vaginas of pregnant women [34] , of which 11 were strains of L. acidophilus. One of these could metabolize glycogen from oysters and two could metabolize glycogen isolated from the human vagina. Additional evidence that few or no vaginal lactobacilli are capable of directly using glycogen as a resource was obtained in a study by Martín et al. in which none of the L. crispatus, L. gasseri, and L. jensenii strains tested were able to metabolize glycogen [35] . Recently, Spear et al. confirmed these results with L. gasseri and L. jensenii [36] .
while vaginal Lactobacillus species cannot metabolize glycogen, they have been shown to grow on smaller oligomers of glucose produced through the depolymerization of glycogen by α-amylase [36] . α-Amylase is an endoglycosidase that cleaves α-(1,4) glycosidic bonds [37] to produce maltose, maltotriose, as well as α- (1,4) and α-(1,6)-dextrins [38] . In humans, α-amylase is reportedly only found in saliva and the pancreas, but definitive evidence for its presence in vaginal secretions is lacking. Spear et al. showed that L. gasseri and L. jensenii could grow in media containing glycogen if saliva is first added [36] . The growth profiles in media containing glycogen and saliva were similar to those seen when these species were grown in media containing glucose alone, and likewise, both species were able to grow on maltose [36] . These investigators also showed that vaginal secretions exhibited amylase-like activity and could depolymerize glycogen. It is not clear whether the amylase (or multiple amylases) in vaginal secretions originated from the human host, from one or more bacterial populations in vaginal communities, or both.
with the premise that vaginal lactobacilli play a key role in the maintenance of health, and that α-amylase promotes the dominance of Lactobacillus species in the vagina, Nasioudis et al. conducted a study to evaluate α-amylase levels in women with bacterial vaginosis or vulvo-vaginal candidiasis [39] . Their results showed α-amylase levels were lowest in women with bacterial vaginosis and highest in healthy women without either vaginal disorder. This study did not analyze the composition of the vaginal communities; therefore, it is difficult to directly associate α-amylase levels with the dominance of Lactobacillus in the vaginal communities of these women. we can, however, suggest that high levels of α-amylase might be associated with healthy conditions in the vagina.
CONCLUDING REMARKS
The evidence available can be used to paint a simple picture ( Figure 3A) . Glycogen levels in the vagina are driven by estrogen in the host and this resource is depolymerized by human α-amylase to produce simpler sugars.
These carbohydrates are readily fermented by species of vaginal lactobacilli to produce lactic acid, which lowers the pH of the vagina creating an environment that putatively restricts the growth of non-indigenous organisms. The dominance of L. crispatus, L. gasseri, L. iners, and L. jensenii in the vaginal communities of most women suggests that these species may be particularly adept at competing for glycogen-derived resources. The key elements of this scenario -estrogen, glycogen and amylase -are all governed by the host and may vary over time due to physiological changes within an individual. Moreover, these elements might differ between individuals due to genetic or behavioral (e.g. dietary) differences between individuals and account for temporal variation in vaginal community composition.
Here we suggest a few wrinkles that might be considered to refine our understanding. One concerns the source of amylases that mediate the depolymerization of glycogen. In humans, α-amylase has only been shown to be present in saliva and the pancreas, and we await confirmation that it is produced in the vagina. Aside from human α-amylase, it is plausible that various bacterial populations in vaginal communities also produce α-amylase ( Figure 3B ) since various anaerobic taxa are known to produce amylases and ferment the breakdown products of glycogen [40] [41] [42] [43] [44] . In theory, multiple sources of amylases would increase the redundancy of this function in vaginal communities and increase the probability that this critical function is maintained in the face of perturbations, thus rendering the community more stable. Secondly, there is no reason a priori to think that only lactobacilli use the glycogen-derived simpler sugars ( Figure 3B ). The hydrolysis of glycogen by these amylases almost certainly occurs in the extracellular environment, which produces resources (e.g. maltose) that are 'common goods' available to all members of the bacterial community. These glycogen-derived resources might be broadly shared and support the growth of other community members. while any community member capable of utilizing these resources can compete for them, perhaps vaginal lactobacilli more effectively compete for and sequester these resources. within this conceptual framework, both glycogen levels and the functional redundancy of amylase production might be key to the maintenance of relatively stable bacterial communities that are dominated by Lactobacillus species.
Combining the simple picture and the wrinkles that we describe above there are at least four possibilities that may account for the dominance of lactobacilli and overall composition of bacterial communities in the human vagina. First, the numerical dominance of lactobacilli suggests that they simply out-compete other taxa for glycogen-derived resources. A second alternative is that other taxa use glycogen and/or glycogen-derived resources more efficiently than lactobacilli, but they in turn produce key nutrients (e.g. vitamins, amino acids) that spur the proliferation vaginal lactobacilli. This would imply that the prevalence of vaginal lactobacilli could be largely based on interactions with and metabolic dependence on other community members rather than direct interactions with the host. Third, while emphasizing the positive correlation between the levels of glycogen and the abundance Figure 3 . Schemes for the production and use of glycogen-derived resources by vaginal bacterial communities. Panel A depicts our current understanding of how glycogen-derived resources are produced and used by vaginal bacterial communities. Host estrogen stimulates the production and accumulation of glycogen, which is degraded by human α-amylase to produce simpler sugars that are consumed by vaginal lactobacilli and fermented to produce lactic acid. In Panel B we propose that bacterial populations in vaginal communities could also be sources of α-amylase in addition to (or instead of) the host. The resulting simpler sugars could serve as a 'common good' that is available to the entire bacterial community, thus setting the stage for interspecies competition for these resources. Both panels illustrate ecological networks that include species of Lactobacillus, various other bacterial populations and the host.
of vaginal lactobacilli there is a tendency to gloss over the fact that lactobacilli cannot use glycogen directly. It could well be that high levels of glycogen develop precisely because vaginal lactobacilli cannot use it as a resource. Meanwhile, a high relative abundance of lactobacilli only allows for low proportions of other taxa that might metabolize glycogen. If the rate of glycogen metabolism does not exceed the rate at which it is produced this might explain why we continue to see high levels of glycogen in the presence of lactobacilli. Finally, the correlation between estrogen, glycogen and the selection of specific species of Lactobacillus could be a 'red herring' if there is no causal relationship between these factors. This tangle of possibilities will need to be sorted out in future research. Meanwhile researchers should avoid over simplifying what is most likely a complex ecological network that includes both the host and various bacterial species in these communities.
